Ultrafast scintillators are the subject of current research in an effort to better resolve ultrafast phenomena in high-energy density physics (HEDP) experiments. Despite extensive research on new scintillator materials, the essential mechanism of energy absorption, excitation, and photo-emission has remained unchanged for over 50 years. Recently, a new class of semiconductor detector has been developed utilizing the radoptic effect, or the change of refractive index when subjected to radiation, in an attempt to record events faster than conventional scintillators.
INTRODUCTION
The fields of high-energy density physics, materials studies, and inertial confinement fusion have long sought new scintillators materials to allow for faster data recording. Conventional scintillators rely on excitation and decay or transport of charge carriers before light can be detected, causing detector coincidence and pileup and thereby placing inherent limits on detection speed. Using a phenomenon other than scintillation may allow for increased detection speed. Increased speeds could enable new diagnostic and physics regimes at facilities such as the National Ignition Facility, the Advanced Photon Source, the Z machine, and the Matter-Radiation Interactions in Extremes facility proposed at Los Alamos National Laboratory (LANL). Multiple materials that exhibit the radoptic effect, by which refractive index is modified by incident radiation, have been investigated and developed by Lawrence Livermore National Laboratory (LLNL) 1 . LLNL has demonstrated gallium arsenide devices with picosecond speeds through the use of hydrogen ion implantation to increase the rate of carrier recombination. This study investigated the possibility of even higher detector speed and sensitivity by utilizing different semiconductors as radoptic sensors.
PROJECT
The radoptic effect occurs when an ionizing photon or particle impinges on a semiconductor, creating electron-hole pairs in its path. The excited charge carriers induce a change in the refractive index in the region of the material in which they are formed. The material may then be probed with a short optical pulse and an interferometer to determine the change in refractive index (Figures 1 and 2) . To optimize sensitivity, we used a Fabry-Perot configuration for the interferometer. The reflection spectra of Fabry-Perot cavities have pronounced dips (or resonances) at certain wavelengths. The positions of these resonances are directly related to the optical thickness of the cavities. An index change in the cavity material changes the optical thickness of the cavity and, hence, the position of the cavity resonances. By measuring the position of the resonances in a pump-probe experiment, we can determine the index of refraction very accurately and with very high temporal resolution. The probe pulse, due to its fast duration, is inherently high bandwidth, and it is this bandwidth that allows a spectrum to be obtained. For this experiment ( Figures 3 and 4 ), a Ti:Sapphire laser with a regenerative amplifier was used to create pulses that were used for both pump and probe. For the InP samples, an 800 nm beam was used for the pump; the beam was sent through an optical parametric amplifier (OPA), and the resultant 940 nm beam was used as the probe. The GaN experiments required higher-energy photons to excite the material, so a frequency doubler and tripler created a 400 nm probe and 266 nm pump, respectively. For each experiment, a computer-controlled delay leg adjusted the time at which the pump pulse would arrive at the sample, and the spectrometer recorded probe spectra at each length of delay. As such, the samples' responses were recorded as a function of delay time. All of the materials studied were prepared for use as an etalon and made as thin as possible to maximize the areal density of created charge carriers and thereby maximize the shift in the Fabry-Perot resonances. This had the added benefit of increasing the spread between each resonance. The undoped InP samples were solid, uncoated InP wafers from MTI-XTL and were thinned to 33 μm. The InP:S samples shattered while undergoing thinning to between 9 and 20 μm. As the experiment required approximately 1 mm 2 of material, the minute shards were still usable and so mounted inside 1-inch fender washers before being set in mounts. The GaN samples were epitaxially grown on a sapphire substrate (also purchased from MTI-XTL) and so did not need to be thinned. The GaN and GaN:Mg layers were 5 μm and 3 μm thick, respectively. It is worth noting that epitaxially grown material exhibits a lattice mismatch between the grown GaN and the sapphire substrate (cubic lattice constants are 7.78 and 18.85, respectively 11 ), which may create internal stresses that alter the material properties and performance.
RESULTS
The recorded signal from the experiment depends on several parameters. The strength of the index change depends on the intensity of the pump beam, so the pump beam must be tightly focused. Because the probe detects the average change over the area of the beam, it was important to focus the probe beam with great care, as well as to precisely overlay it on the pump beam. The resolution of the spectrometer is also a critical parameter. For the GaN samples, we had a free spectral range of 5 to 10 nm, with an initial spectral resolution of 0.2 nm, so there were only 25-50 pixels covering each resonance. Upgrading the spectrometer to one with resolution of 0.04 nm gave us 125-250 pixels in each free spectral range, allowing us to detect a much smaller shift.
For the InP samples, the full power of the pump laser was used; it measured around 360 μJ per pulse, 60 μJ of which was accepted into the 3 mm diameter iris, yielding 8.5 μJ/mm 2 impinging on the sample in each pulse. Unfortunately, the pump laser was not stable enough to observe a clean shift, so results for energy densities lower than 8.5 μJ/mm 2 are not included here. The spectrometer scans were overlaid, and a peak-finding algorithm was used to track the shift in the peaks (Figures 5 and 6) . Finally, the fractional index shift (δn/n = δλ/λ) was calculated ( Figure 7 ). For the GaN and GaN:Mg samples, we used a pump laser wavelength of 267 nm, and the experiments were repeated on two occasions. For the first experiment, the energy was optimized for a 400 nm probe, but unfortunately no shift was observed. We believe that the lack of shift is a consequence of the coarse resolution of the spectrometer used. The second experiment employed the upgraded spectrometer, but unfortunately the laser had in the interim been tuned to 780 nm for other experiments and there was not sufficient time to retune. This resulted in lower conversion efficiency to second and third harmonics (390 nm and 260 nm) and in unavoidable clipping of the beams within the tripler. It was difficult to measure the energy incident on the GaN and GaN:Mg samples, but the best estimate was less than 1 μJ for a spot size of 1 mm 2 . This energy produced no detectable index change, or a shift that was smaller than the spectral instability of the probe laser (Figure 8 ). Figure 8 . GaN:Mg data show that any index change is smaller than the spectral instabilities of the probe laser. Only one resonance peak(shown in red) is clearly visible, and we do not see a clear shift at any one time. While this material should have an index shift, energy density of approximately 1 μJ/mm 2 was not sufficient to produce it visibly, so this material is unlikely to be a good candidate for radoptic detection.
CONCLUSION
This study investigated the suitability of four semiconductors for use as high-speed radiation sensing devices: InP, InP:S, GaN, and GaN:Mg. The materials were thinned, polished, and tested in a pump-probe configuration. Index shifts were observed in the InP samples at 8.5 μJ/mm 2 but not in the GaN samples at approximately 1 μJ/mm 2 . More materials research is needed to better determine materials more suitable for radoptic sensing; however, much of the knowledge we obtained should advance fast x-ray detector design efforts.
This experiment would be improved were we to use a beam splitter and a second spectrometer on the probe line to normalize output by input intensity. While a radiometer could accomplish this, the spectrometer would have the added advantage of being able to see additional spectral artifacts in the beam. Another improvement could be made in sample preparation; epitaxially grown samples with distributed Bragg reflectors on each side would have enhanced the signal by using thinner material while increasing the sharpness and definition of the resonance peaks.
